INTRODUCTION
Resistive Random Access Memories (RRAMs) are one of the most promising candidates to replace the current flash memories due to their low power operation, fast switching and great scalability [1] [2] [3] . In these devices, typically MIM or MIS structures, the resistance of the dielectric can be switched between a low resistance state (LRS) and a high resistance state (HRS), by applying suitable voltages at the device electrodes. Despite their excellent characteristics, RRAMs present some reliability problems, such as the occurrence of current fluctuations in the form of random telegraph noise (RTN) [4] [5] [6] . RTN can be observed at both resistance states, although RTN is more relevant in the HRS because of the low current through the dielectric [7, 8] . Since RTN has a major contribution to the device current, its spectra can be crucial to determine the memory window and the correct memory cell performance. Therefore, a precise characterization of the RTN fluctuations in emerging RRAM cells becomes necessary. Until now, standard characterization equipment has been commonly used to characterize RTN, such as semiconductor parameter analyzers (SPAs) with a measuring time resolution of ~2ms. In this work, we propose an experimental set-up to measure RTN that provides a higher time resolution than that available in standard characterization equipment. As it will be shown, this new set-up, in combination with the weighted-time lag (W-TL) method [9] for the analysis of the recorded signals, allows getting additional and relevant information about the RTN phenomenon, which cannot be obtained using standard characterization set-ups.
II. SAMPLES AND MEASUREMENT SET-UP
The studied Ni/HfO 2 /Si devices were fabricated on (100) ntype CZ silicon wafers with resistivity between 0.007 cm and 0.013 cm [10] . After standard wafer cleaning, a wet thermal oxidation process was done at 1100ºC leading to a 200nm-thick SiO 2 layer. This field oxide was patterned by photolithography and wet etching. Prior to the high-k deposition, a cleaning in H 2 O 2 /H 2 SO 4 and a dip in HF(5%) were performed. Subsequently, 20nm-thick HfO 2 layers were grown by atomic layer deposition (ALD) in a Cambridge Nanotech Savannah 200 system using tetrakis (Dimethylamido)-hafnium (TDMAH) and H 2 O as oxidant precursor, and N 2 as carrier and purge gas. The deposition temperature was 225ºC. The top metal electrode, consisting of a 200nm-thick Ni layer, was deposited by magnetron sputtering. The resulting structures are square cells of 5x5 m 2 . A schematic cross-section of the final device structure is shown in Fig. 1 .
Since the purpose of this work is to evaluate RTN signals after LRS-HRS transitions, initially the devices were subjected to 30 resistive switching (RS) cycles, changing successively the dielectric conductivity between a high and a low resistance state, fixing a current limit of 10μA when switching to the LRS. In Fig. 2 , some RS cycles are shown. Secondly, with the device at HRS, a RTN signal was sought by applying different voltage bias. When current fluctuations were detected, RTN measurements were carried out using a SPA and a new developed set-up. Fig. 3 shows a schematic of the experimental set-up developed to measure RTN with large temporal resolution. The voltage at which RTN appeared, Vapp, was applied to one of the terminals of the DUT by the SPA (Agilent 4156C), which also allows measuring the current through this terminal. The other terminal of the DUT was connected to a logarithmic current-to-voltage converter (Log-IVC), which allows measuring currents that can differ in several orders of magnitude. The voltage from the converter is derived to a digital storage oscilloscope (DSO, Tektronix TDS220). This second DUT terminal is also connected to a high impedance buffer, so that the exact voltage at that terminal can be measured. Therefore, the actual voltage drop across the DUT can be calculated. By changing the time scale of the DSO, the current through the DUT can be measured with different time resolutions, so that fast events can be captured. Fig. 4 shows the block diagram of the RTN measurement process. First, RS cycling is performed to reach stable states and then the suitable Vapp for RTN detection is chosen. After that, the HRS current is measured as a function of time. During the SPA measurement, several oscilloscope captures are registered using different time scales. When the SPA measurement finishes, the sequence defined in Fig. 3 
III. RESULTS
As mentioned before, RTN signals are measured using two different systems, one based on a standard SPA and the other based on an oscilloscope. In Fig. 5a a typical multilevel RTN signal measured by the SPA, with a time resolution of 6ms, is shown. At naked eye, 5 different current levels are evidenced. On the other hand, Fig.6 shows three oscilloscope captures using time scales of (a) 40, (b) 20 and (c) 1μs, i.e. different time resolution, recorded simultaneously to the SPA measurement in Fig. 5 at different time slots. In all of the traces some charge trapping and detrapping events, responsible of the RTN signal, appear, with emission and capture times lower than 6ms. These fast current fluctuations cannot be detected with the SPA. To complete the analysis and find more information about the current levels in the RTN trace in Fig. 5a , the weighted time lag (W-TL) method [9] was used, that allows calculating the different states (or levels) of the traps more accurately (Fig.  7) . Evaluating the diagonal of the plots resulting from the method and finding the maximums of that diagonal, all the levels in an RTN signal can be determined, since each of those maximums corresponds to a current (trap) level of the RTN. Fig. 7a shows the W-TL plot of the whole RTN signal measured with the SPA presented in Fig 5a. A profile of the diagonal is plotted in Fig. 5b where all the detected levels are sequentially numbered. From the analysis of the W-TL plot diagonal, 9 peaks and therefore 9 current levels (labelled as L1-L9) are obtained. Note that the number of current levels as determined by the W-TL method is larger than those encountered in the naked-eye analysis. The guide lines plotted in Fig. 5 help to observe a good match between the peaks in the diagonal of the W-TL plot and current levels in Fig. 5a . (Fig. 6c) . However, the larger time resolution of the developed set-up highlights its presence and it can be clearly visualized in the corresponding W-TL plot. (Fig. 5a ). The line shows the diagonal of the plot, whose maximums correspond to the current levels in the RTN. 9 trap levels are detected; b) W-TL plots correspond to the oscilloscope capture with a time resolution of 40 s (Fig. 5b) , 3 trap levels appear; c) Oscilloscope capture with time resolution of 20 s with 3 trap levels ( Fig. 5c; d ) Oscilloscope capture at the larger time resolution of 1 s, showing 3 trap levels (Fig. 5d) .
IV. CONCLUSIONS
A new experimental set-up that provides a large time resolution is presented and used to measure RTN signals in RRAMs. RTN signals simultaneously recorded with a SPA and the developed set-up show that trapping/detrapping events can be hidden if the time resolution is not enough. Moreover, when these RTN signals are analyzed with the W-TL method, the current levels in the RTN can be accurately identified. Therefore, we proved that using our proposed characterization methodology, which combines high time resolution equipment and accurate parameters extraction, complete information about RTN can be obtained.
